Abstract-Renewable energy resources are becoming popular with mass adoption in residential and commercial applications because of gradual cost reduction along with continuous technical advancements. Photovoltaic (PV) energy is one of the biggest players of renewable energy installations although soft costs remain as the major barrier for higher penetration of PV systems. To address the cost challenges, a plug-and-play (PnP) system for a quick, low-cost installation is proposed and designed. The method is much less invasive and labor intensive than the traditional installation methods. This paper presents the PnP electrical system, with emphasis on the controls, software, and system-level communications within the system. A PV utility interface circuit has been developed for automated electrical safety checks and authentication for the PnP PV system. A data protocol has been used to deal with the master-slave controller setup in the system. This research has the potential to reduce the residential PV system price by $0.6/W. Index Terms-Low cost photovoltaic (PV) installation, plug-andplay (PnP) solar PV, PV utility interface (PUI) circuit, residential PV, solar power generation.
I. INTRODUCTION

W
ITH sharp increase in the adoption of residential photovoltaic (PV) systems, new technologies and streamlined procedures are being created to make the installation process faster, cheaper, and easier for the system owner. Recent solar industry data shows that the utility PV systems have been reduced in cost by nearly 50% since 2011, whereas residential PV systems have reduced by 30% in the same time period that helped PV installations to increase by more than 50% [1] . Overall system cost for the PV system can be categorized into hardware cost and soft cost. The hardware cost comprises modules, inverters, racking, and all other hardware required for the installation of The authors are with the Electrical and Computer Engineering Department, North Carolina State University, Raleigh, NC 27695 USA (e-mail: mtkhan@ncsu.edu; gdnorris@ncsu.edu; rchatto@ncsu.edu; ihusain2@ncsu. edu; sbhatta4@ncsu.edu).
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Digital Object Identifier 10.1109/TIA.2016.2631135 a PV system. Installation labor, customer acquisition, permitting, inspection, interconnection, overhead, and profit margin are categorized as the soft cost for PV system price. Soft cost itself is accountable for 44% of the system price in residential PV system, according to the recent National Renewable Energy Laboratory (NREL) benchmark cost breakdown for residential systems [2] . Eventually, soft costs and labor intensive PV installations are still preventing the residential PV system from being widely adopted. The Solar Electric Power Association and the Electric Power Research Institute recently reported on the advantages of utility-owned inverters [3] . Advantages of utilityowned inverters are many and include utility controlled on-grid conditions, reduction of PV system price through utility ownership, easier maintenance and upgrading, and real-time data transfer that enables proactive grid support. Local governments across the USA have already introduced streamlined and less invasive installation and permitting processes [4], [5] . These solutions involve the physical installation of the PV system, and quick permitting and interconnection agreement with the utilities by the authorities having jurisdictions (AHJs). Generally, AHJs have the authority to inspect the system to ensure that it meets the technical requirements, i.e., the National Electric Code (NEC). They also have the freedom to interpret the code and waive requirements for alternative methods (equipment and practice); some of the state authorities have started to introduce those alternate ways to expedite the permitting process. San Diego Gas and Electric has been able to efficiently streamline its interconnection application process by launching its distributed interconnection interface system (DIIS) [6] . The DIIS has been able to increase the average authorized application per employee from 30 applications a day in late 2012 to as high as 196 applications a day currently. This system is unique, because it allows for a much smoother interface and communication between local AHJ inspectors, the utility, and the end user. In lieu of physical paperwork, the entire installation process is streamlined using digital communications. However, none of these practices really provided the solution that will significantly reduce the installation cost, which is the other major contributor of the PV system soft costs. The plug-and-play (PnP) concept recently proposed by North Carolina State University researchers not only incorporates the streamlined communications concept with the help of a smart interface, but also pushes the idea further to produce a truly PnP installation and interconnection process that can handle both installation and inspection-related soft costs [7] , [8] . By the use of a cloud interface and system-level software features, the smart interface enables the automation of PV system installation and approval. This particular research is part of the department of energy's (DoE) Sunshot initiative that targets an installation cost of $1.50/W (currently, $3.09/W [2] ) for residential PV systems by 2020, which will translate to 6 to 8 cents (¢)/kWh levelized cost of energy (LCOE) assuming 20 years of PV panel lifetime with 10% discount rate [9] . LCOE range considers the variable solar generation in different geographical locations in the USA. Sunshot initiative deals with the redesign of the residential PV system that will reduce the overall system price and installation time. Flexible racking system, innovative inverter solution, and PV utility interface (PUI) are developed under the initiative, and this paper discusses the PUI concept that is expected to reduce the installation and inspection cost significantly. The PUI functional prototype has been developed and tested with a focus on self-inspection, start-up algorithm, and internal communications.
II. CURRENT PERMITTING REQUIREMENTS
The residential PV installation permitting steps can be categorized into three major aspects of electrical, structural, and utility interconnection. Fig. 1 shows the steps currently followed to satisfy the residential PV installation requirements. Generally, the consumer contacts the vendor and the vendor completes the initial system sizing before selling their product. Later, the con- sumer has to schedule an appointment with a certified installer for the PV system installation. The installer follows article 690 of NEC that specifies the codes related to obtaining the electrical permit for the PV system [10] . PV rating, protection circuit, ac and dc disconnects, ground fault protection, system grounding, wiring methods, and equipment markings are the major items checked based on the article NEC 690. Besides NEC 690, the electrical components of the PV system must have UL certification according to the UL 1741 standard [11] . Building codes from International Code Council are followed to satisfy the structural permit of PV systems. Roof information, mounting system structure, weight of the PV system, dead load, and wind load of the roof are the key factors evaluated through structural permit.
Utility currently follows the interconnection standard from IEEE 1547, which is the standard for interconnecting distributed resources with electric power systems [12] . NEC 705 also provides directions regarding the basic utility integration [10] . Power factor, harmonic injection, grid synchronization, over current and under voltage disconnects, and anti-islanding are the technical aspects related to the utility permit. Once the PV installer completes the system installation per the codes and requirements, a permit application is submitted for the site visit by the field inspectors and AHJs. As AHJs approve the system installation, another application is to be submitted for utility integration. The final approval for system operation comes from the utility. The overall process is time consuming and adds unnecessary cost to the system, particularly for the residential PV system. The cost breakdown for the 2015 PV system installation in Fig. 2 shows that soft costs constitute the highest portion of system price in residential-scale systems compared to the commercial and utility-scale system prices [2] . The proposed PnP concept with PUI system is designed for the residential system considering all these soft cost issues; the solution is discussed in the following sections.
III. PNP PV ELECTRICAL SYSTEM
While the PnP system with PUI does not go as far as promoting the idea of utilities owning inverters, it is critical for the utility to own the PUI. Utility can monitor real-time data that enables proactive grid support through utility-owned inverter, whereas utility-owned PUI can provide additional benefits as utilities agree that the ability to know PV production and performance of the grid is essential for grid management [3] . Additionally, a PnP solution with PUI would potentially provide further visibility that enables proactive grid support in real time. Unanimous interest has been found with the utilities in receiving PV system information in real time (pinged on a one-hour increment) in terms of kW output, voltage, and frequency. Furthermore, "edge device" features and functions, such as ride-through capabilities, access to voltage-ampere reactive (VAR) control, and programmable set points for voltage and frequency, are also desirable in a high penetration scenario, and PUI can be further modified to include those features. Utility ownership also shifts the long-term operation to utilities, which are equipped to maintain and upgrade infrastructure that will save overall system cost in the long run. In general, the proposed model opens the opportunity for enhanced customer services and programs that would automate the grid interconnection, and provide functionality to the utility to increase grid safety and stability.
The PnP solution for the residential PV system must satisfy the NEC, meet all interconnection and installation requirements, and be successfully inspected and permitted by the local AHJ for it to be accepted by AHJs and utilities as a safe and reliable method of producing solar power. A truly PnP system would be able to automate the inspection and permitting process as well as the interconnection agreement with the local utility company. Through the study of current codes and standards governing residential PV systems as well as interviews with AHJs and utility representatives, the designed PnP electrical system is built to provide an AHJ and utility vetted installation and interconnection procedure. The system uses UL-listed plugs, presized components, and system-wide electrical safety checks to satisfy various safety codes and standards.
The system also features an innovative inverter design called the multiport building block (MPBB), which has all the advantages of a large string inverter besides operating each panel independently like a microinverter [13] . The MPBBs are designed to have identification data preinstalled into its controller so that it may be read by the PUI upon startup. The design and implementation of the MPBB has been carried out in a parallel project under the same DoE Sunshot program and is reported in [14] ; only a brief description of MPBB is provided in the next section. A novel PV panel identification circuit has been added to the output wires of each panel that use current pulses, similar to serial communication, to transfer PV identification data to the MPBB controller. Fig. 3 shows the system-level PnP functionalities.
IV. MULTIPORT BUILDING BLOCK
The MPBB encompasses the concept of stacking microinverters in the residential PV system in one integrated mechanical enclosure to enable a true PnP installation [14] . The MPBB uses a nonisolated buck-boost-type inverter that provides boost capability with very high efficiency. The solution combines the advantages of both string PV inverter and conventional microinverter-based PV system. The MPBB based PnP system along with the functional block diagram is provided in Fig. 4 .
In the proposed PV system, a maximum of 8 PV panels is allowed whose voltage sum is 240 V; this is less than the maximum grid voltage 340 V (240 V rms). The ac boost stage is activated during part of the grid cycle to boost the multilevel voltage to the grid voltage level. Scalable power levels are realized by connecting the flexible number of MPBBs in parallel. In the MPBB-based system, there is no risk of dc arc and the cost is significantly reduced compared to microinverter PV system. Moreover, the onsite installation time is effectively improved since the connectors, interconnection, and wiring harnesses are simplified at the multiple PV panel level, and not at individual panels. The MPBB-based inverter has its own disadvantages in terms of conduction and switching losses due to the two-stage power conversion; however, the solution is better suited as a system-level solution as it facilitates the installation and integration of PV system into the grid. Different configuration of PV system utilizing the string PV inverter, dc optimizer with string inverter, and microinverter for a 5 KW system is also shown in Fig. 5 .
V. PV UTILITY INTERFACE
A functional prototype of the PUI has been designed and built. All PUI hardware and software are integrated into the utility meter itself and powered from the 240 V supplied by the utility grid. This includes a master controller, current sensors, data display, wireless module, power line communications module, and a shunt-trip circuit that controls the ac breaker at the PV meter connection point (see Fig. 6 ). The control logic of the PUI ensures that no generation will take place unless all autoinspection checks are passed and all generation sources are authenticated. Hardware housed in the meter interface includes ground fault detection circuit, overcurrent protection device (OCPD), safety relays, controllable shunt resistor to allow system checks prior to grid connection, and a control module to send and receive control signals from the rest of the system. Different ground fault detection methods have been studied to design the hardware, such that it can be housed inside the PV meter interface [15] , [16] . Fig. 7 shows the PUI block connection and wiring diagram.
VI. PUI CONTROL AND COMMUNICATION
The PUI offers the flexibility of autopermitted and selfauthenticated PnP PV systems. The task of the PUI can be divided into two major parts: hardware checks and software checks. A two-layered PUI resides inside the utility meter, which will provide the exciting opportunity to integrate this into any meter presently available in the market.
The PUI hardware circuit checks for the ground fault and processes data before running the startup logic for the authentication of the system through software checks. All these analyses can be monitored in real time through the display available in the circuit board. The PnP system will have to be UL certified for insertion into a utility meter socket, and the design requirements have been set accordingly. The ultimate goal of the autoinspection process is not only to prove that it is equally safe as an AHJ inperson inspection, but also it can, in fact, be safer. Where some in-person inspection steps rely on visual observations, the PnP system with PUI can perform these steps with real-time electrical safety measurements; where an installer commissions the system only once after installation, this system can recommission itself periodically for proper operation and alert the owner of any possible problem. Startup sequence, operation controls, and graphical user interface (GUI) demonstration setup have been created for system testing and to verify that the required data are being transferred and available for viewing by the customer, utilities, or authorities. The PUI features are summarized in Table I . For its common use in applications where one master controller is communicating with several slave controllers, Modbus protocol is chosen as the communication protocol between the PUI and the MPBBs. The system uses power line communications across the power wires, and therefore, when a signal is sent from the PUI, it is received by every MPBB present in the system. Modbus protocol allows the PUI to communicate with a specific MPBB and guarantees each MPBB to only respond to a PUI request if that command addresses it specifically. This is especially useful when the PUI is involved in the identification of individual components or reading electrical measurement from specific points in the system.
VII. PUI STARTUP AND SYSTEM AUTHENTICATION
The startup and inspection sequence are key to the reliability and safety of the system. Before the PV system is plugged into the PUI, the breaker is kept open to ensure the safe operation. When the system is plugged in, the startup procedure begins only then. If the device plugged into the PUI is found not to be a PnP system, the breaker will trip and no voltage will be allowed through the PUI. Fig. 8 shows a condensed flowchart of the PUI startup sequence.
If any component of the system is not identified or found to be potentially unsafe for generation, then that component can be turned OFF and the rest of the system can function in their capacities. In addition to retrieving identification data for each MPBB, the PUI also requires to retrieve identification data from each PV panel.
There are two possible solutions for obtaining the information by the PUI with each having its own pros and cons. The first solution is a microcontroller-based circuit that is placed at the output of the module. When activated, this circuit uses current pulses from the PV module to transmit its identification data to the MPBB. This data can then be relayed to the PUI by the MPBB. The second solution involves placing an radio-frequency identification (RFID) transceiver inside each MPBB to trigger and receive data transmissions from RFID tags placed on the frame of each PV module. The microcontroller-based circuit has been constructed and successfully tested. This solution has the advantage of being very low cost, but brings up issues of PV module manufacturers' acceptance of the concept of adding the circuit to the output of their panels. The RFID approach has the disadvantage of being more expensive, but would only require PV module manufacturers to place an RFID tag somewhere on the module offering a much simpler addition to the module. Tags could also be put on other parts of the system to prove authenticity.
Authentication for the system includes the checks to verify that the MPBB and the PV panel are genuine, that the number of PV modules connected match or is below the power level applied for from the utility, and that the PV power production does not exceed the PUI rating or permitted capacity.
A commonly used master-slave protocol like Modbus is a suitable choice for this system since the PUI will be the master controller for this system [17] . To avoid the errors and signal overlapping between multiple MPBBs, a five-byte standard accompanies each data transfer in the system. This standard includes the destination of the signal, the function requested, the memory register effected by the function, and a 16-bit error check. Each MPBB in the system is given an identification (ID) number. When a signal is received, each MPBB will check the destination byte of the signal and will only respond if this destination byte matches its own ID number. Table II provides data byte example for PnP communications. It is by the Modbus standard that the system keeps track of what data are being requested and from which MPBB. Most functions, but certainly not all, requested by the PUI will be for information from the MPBBs. Therefore, the register number byte will usually refer to the memory register of the MPBB controller that holds the data being requested. In addition to data requests, the function ID byte can also trigger startup or shutdown of parts of the system or can trigger measurements to be taken. Instead of doing this in a very general way, this protocol can be used in a very specific way. The destination IDs, functions, and registers requested can be customized to be used specifically between a PnP PUI and the MPBBs that it is connected to. This helps to make the protocol simpler with fewer possible requests that are applicable to the system. Table III gives an example of the data protocol in hex format. The protocol displayed is used when the PUI sends a read function request (0 × 03) to MPBB 1 asking for PV panel 6 identification. The MPBB then responds to the read request by sending the PV panel 6 ID back to the PUI. Through the testing procedure, it is resolved that the PV identification circuit can also be used to test the dc connector from PV panel to MPBB. Since the PV-ID circuit allows the system to receive accurate measurements from both sides of the dc connector, it helps the system to test the connector for safety and fire prevention. Fig. 9 shows the full startup and sequential logic for the PUI circuit.
VIII. PROTOTYPE AND EXPERIMENTAL RESULT
A functional PUI electrical prototype has been built and tested. It demonstrates PV system authentication, electrical safety checks, and internal communications with MPBBs through the use of power line communications. Autoinspection logic and controls for the startup sequence have been checked and a GUI setup is being developed for error checking. GUI is essential to confirm that the expected data have been transmitted and are available for viewing. This circuitry includes all power, control, sensor interface, and communication circuits. Figs. 10 and 11 show the built circuit for version 1.0. Meter adapter is shown in Fig. 12 . All the components within the circuit that take up volume (such as power converters and transformers) are reduced in size by 50% or more in version 2.0 and the placements of these components are carefully chosen to allow for the maximum amount of hardware to be housed in the limited space available in the utility meter, which is shown in Figs. 13  and 14 .
The shunt-trip controlled ac breaker in version 2.0 demonstrates an improvement in PV system safety. The tests show that the control circuit can stop the flow of electricity through the power wires within 1.5 cycles (approximately 20 ms) after an electrical fault has occurred, as shown in Fig. 15 . Compared to a standard ground fault interrupter (GFI) outlet's trip-off time of five to six cycles, this is an encouraging result. Preliminary data displays have been tested to allow PUI demonstrations and system testing to verify that the required data are being transferred and are available for viewing by all interested parties. Though currently only being used for demonstration purposes, the PUI contains wireless data capability that could transmit data to a nearby wireless internet connection or a local computer. In a real-world scenario, the PUI would be used to communicate system data to the user, and in addition, to communicate with the local AHJs and utility company to aid in the autopermitting and interconnection process. Documentation flow and approval process can be streamlined by integrating the PUI circuit with a web portal, which will simplify the permitting process. The steps in the proposed process to complete the installation without any site visit by the authorities are shown in Fig. 16 . Step 1: Vendors upload all the related product information along with the certification information beforehand into the web portal. AHJs and utility verify whether equipment satisfying code requirements are being listed to use by the customer. This step does not involve the customers.
Step 2: Consumer searches for authorized vendor from the web portal and orders the product. Step 3: Consumer contacts the certified installer to install the PV system. Step 4: Installer completes installation according to the guidelines, ensures code compliance, and initiates the PUI automation for the system checks and then PUI transfers the results to the web portal. Step 5: Local AHJs are notified from the web portal with the PUI results.
Step 6: AHJ reviews and approves the installation through the web portal.
Step 7: Utility is contacted through the web portal upon approval from the AHJ.
Step 8: Utility reviews and provides the approval code to the portal, which is then assigned with the installed PV system. This enables the PUI to complete the system self-diagnostics.
In the proposed process, there is no additional task for the consumer other than buying the system from the vendor and contacting the installer; the process is automated through the web portal with the help of the developed PUI. The whole process can be completed within hours to several days depending on the system size and installer installation time, whereas it takes two weeks to months for getting the installation approval by the present process.
A GUI is also developed and tested for the system authentication and function verification of the PUI, which is shown in Fig. 17 . The interface consists of four screens that focus on installation, authentication, safety and reliability, and power generation. The interface takes the end-user measurement through the complete PnP startup procedure, then displays real-time data during generation. All authentication checks and safety measurements are clearly displayed in real time and the number of PV modules and MPBBs connected to the system are shown throughout the daily operation. During generation, the interface displays the power processed by each MPBB, total power measured at the PUI, measured ground fault current, breaker status (open or closed), and the total energy produced during that day.
IX. COST ANALYSIS OF THE SYSTEM
Residential system price has experienced 56% decrease since 2009 as equipment cost has declined significantly; however, the price drop has slowed down in the last few years as the hardware cost reached saturation levels [2] . The reduction in soft cost is not promising as those costs are mainly added due to the installation and interconnection approval, which remained very much the same over the years. The developed PnP method utilizes the detailed cost breakdown for residential system using NREL's benchmark [2] . The installation time recorded in the project demonstration is 1 h and 21 min with the PUI requiring only 10 min to connect and another 5 min to automate the permitting procedure. This is a significant reduction in time compared to the present installation time of 1-2 days, which is equivalent to 50 person hours for a 5 kW system [2] . There is the added cost for the PUI, but this is minimal compared to the present soft cost of the PV system. Table IV provides the cost breakdown of PUI based on a 3 kW system that has been demonstrated. The system also includes an innovative racking design for the installation of the PV panels, which is not related to PUI and is reported in [18] . The PUI-based system reduces the installation time by 95%, which will result in a saving of $0.30/W compared to the 2015 benchmark price. There is $0.11/W cost associated with residential system for the permitting and inspection, which will eventually be eliminated through this automated process. In summary, there will be a saving of $0.30/W utilizing the PUI, and the cost estimate including the racking and MPBB is $.405/W compared to today's $1/W.
X. CONCLUSION AND FUTURE WORK
Through innovative circuits and system-level functionalities, a PnP PV system can, in many ways, be safer and more reliable than a traditionally installed PV system. An integrated PV system has been designed that can conduct all the verifications and procedures required to automate the inspection, permitting, and interconnection process with proper AHJ and utility acceptance. Control logic and communications protocol have been incorporated to this application to facilitate the information exchange between the PUI and MPBBs, as well as to automate inspection and system monitoring. The desired result of using a PnP PUI is to significantly reduce the upfront expenses by automating the processes while replacing the arduous electrical installation process with a simple, plug-based meter connection that adds negligible cost to the system. Due to the fact that NEC still technically does not permit for user plugged PV systems, it will be necessary to get the system UL listed as a PnP system, and to make changes to the NEC standards to allow for the PnP-based PV systems.
The concerns for the utilities, as identified through a survey, is with the business and market orientation of this technology, including cost of liability, timing, cross subsidization, compensation, and assignment of costs. The next step is one that has less to do with the technology and design, but more to create a viable business case for the utilities. For this utility-owned device for use by a solar customer, they would expect to be compensated through charging the user either through a monthly fee or a one-time installation fee.
The full demonstration of the developed system can be found in the following link: https://www.youtube.com/watch? v=EKtRotB1htc.
